The electric, magnetic, and thermal properties of three perovskite cobaltites with the same 30% hole doping and ferromagnetic ground state were investigated down to very low temperatures.
I. INTRODUCTION
In the perovskite cobaltites, two prototypical behaviors can be distinguished. The first one is associated with spin transition, or spin-state crossover of Co 3+ ions in LaCoO 3 and its rare earths analogs, while the second one is manifested by robust ferromagnetic metallic ground state that is observed in the mixed-valence La 1−x Sr x CoO 3 systems above a critical doping value of x = 0.22 and exists up to the formally pure Co 4+ end compound SrCoO 3 [1] [2] [3] .
It is well established that the ground state of LaCoO 3 is based on non-magnetic LS (low spin, t ) species start to be populated by thermal excitation. The process is readily seen in the course of magnetic susceptibility or in anomalous terms of lattice expansion due to ionic size of HS notably larger than LS one (see e.g. [4] ). These experiments show that HS population increases gradually with steepest rate at ∼ 80 K, and is practically saturated above 150 K, making about 40 − 50%. Strong HS/LS nearest neighbor correlations or even short-range ordering are anticipated in that phase [5] [6] [7] . At still higher temperature the ) have been tentatively suggested [7] [8] [9] , but very recent LDA+DMFT calculations did not reveal any significant amount of IS Co 3+ in the fluctuating mixture of spin states in LaCoO 3 at high temperatures [10] .
The metallic conductivity in La 1−x Sr x CoO 3 systems with stable ferromagnetic ground state is related to fast valence fluctuations that involve various 3d N (N=5, 6, 7) states on cobalt sites [11] . In particular for La 0.7 Sr 0.3 CoO 3 , the dominant population are the IS/LS states for Co 3+ /Co 4+ , so that the electronic structure can be approximated as t La 1−x Sr x CoO 3 systems above x = 0.22 show characteristics of conventional ferromagnets.
The ferromagnetic-paramagnetic (FM-PM) transition is manifested by large λ peak in the specific heat and by the presence of sharp critical scattering peak in small-angle neutron scattering at T C . As shown in recent re-investigation of critical exponents β, γ and δ by Khan et al., the transition is unambiguously of second order, characterized by scaling behavior that belongs to universality class of 3D Heisenberg model [14] . On the contrary, in single crystal samples below x = 0.22 the anomalies at T C are absent or smeared out, pointing to a much more complex temperature behavior including the magnetic/electronic phase separation. The magnetic inhomogeneity of low-doped La 1−x Sr x CoO 3 has been proved as well in the inelastic neutron diffraction by Phelan et al. [15] or in NMR study by Smith et al.
[ 16] .
The two regimes of behavior in La 1−x Sr x CoO 3 , separated by the critical doping x = 0.22, have been interpreted theoretically by Sboychakov et al. [17] . Based on a fermionic model of Hubbard type, two possible FM ground states that may coexist on a nanoscopic scale are found. One is derived from the phase characterized by LS/LS state for Co 3+ /Co 4+ , in which only few Co 3+ t 2g electrons promote to itinerant e g levels with increasing strontium doping. The second phase is IS/LS state for Co 3+ /Co 4+ , i.e. the already mentioned t The properties of mixed-valence cobaltites can be further modified by a control of ionic size on perovskite A sites. Lot of studies have been done on the Pr 1−x Ca x CoO 3 system that exists in a limited range up to x ∼ 0.55 [18, 19] . and SrCO 3 were weighted with proper molar ratios and ground using an agate mortar and pestle for 1 h. Mixed powders were calcinated at 1000 o C for 24 h in air. They were pulverized and ground. Then they were pressed into pellets of 20 mm diameter and 4 mm thickness.
Pellets were sintered at 1200 o C for 24 h in 0.1 MPa flowing oxygen gas. The measured densities of each sample were greater than 90% of the ideal density. Powder X-ray diffraction patterns were taken for each sample using CuK α radiation; the samples were confirmed to have a single phase orthoperovskite (P bnm) structure. The lattice parameters and volume The present values are in agreement with the literature data for the same compounds [22, 26] .
As the important question of the oxygen stoichiometry is concerned, practically ideal oxygen content 2.99 ± 0.01 is evidenced for the Pr 0.7 Ca 0.3 CoO 3 specimen by Rietveld refinement of the high resolution neutron diffraction data [27] . The same seems to be valid for other two compounds based on the indirect arguments, which follow from thermopower data presented below.
Electrical resistivity and thermoelectric power were measured using a four-probe method with a parallelepiped sample cut from the sintered pellet. The electrical current density varied in dependence on the sample resistivity between 10 −1 A/cm 2 (metallic state) and a ceramic sample holder centered in the small tubular furnace with precisely controlled temperature. The standard chromel-alumel thermocouples were used for monitoring of the temperature gradient around 5 K, imposed across the sample by means of an additional small furnace.
The magnetic measurements were carried out using a SQUID magnetometer MPMS-XL (Quantum Design) in the temperature range 2 − 400 K. The zero-field cooled (ZFC) and field cooled (FC) susceptibilities were measured under different applied fields. The initial AC susceptibility (H = 0) was studied in the frequency region 0.12 -87.4 Hz using a driving AC field 3.9 Oe. The virgin magnetization curves and hysteresis loops (-70 kOe, 70 kOe) in the ZFC regimes were recorded for selected temperatures starting from T = 2 K. In addition to it, the FC hysteresis loops were measured after cooling the sample from T = 300 K to T = 2 K under an applied field 70 kOe.
The specific heat was measured by PPMS device (Quantum Design) using the two−τ model. The data were collected on sample cooling. The experiments at very low temperatures (down to 0.4 K) were done using the 3 He option.
III. RESULTS

A. Electric transport
Resistivity data obtained on ceramic samples Nd 0.7 Sr 0.3 CoO 3 , Pr 0.7 Ca 0.3 CoO 3 and Nd 0.7 Ca 0.3 CoO 3 are presented in the log − log plot in Fig. 1 . As the important question on metallic or insulating character of these system is concerned, we argue that bulk properties are generally influenced by the sample granularity, which seems to be also the present case. Namely, the measured resistivity steadily increases with decreasing temperature but, instead of divergence at the lowest temperatures, it extrapolates to finite values of about 1 − 10 mΩ·cm at zero K, satisfying a criterion for metallic ground state, d(lnρ)/d(lnT ) → 0 [28] . Another signature for intrinsic metallicity is the apparent activation energy, defined T f , at which the real part χ ′ passes through a maximum, exhibits an upward shift with increasing frequency ν of the applied AC field (Fig. 5) . In analogy to freezing processes in the spin-glass systems, this shift can be quantified by a semiempirical dimensionless sample has been also manifested in a shift of the center of FC hysteresis loop toward negative fields (the exchange bias makes actually 230 Oe at T = 2 K -not shown in Fig. 6a ).
C. The low-temperature specific heat
The specific heat data for all studied samples are presented in a broad temperature range in Fig. 7 with perovskite structure of the orthorhombic P bnm symmetry, the 3 H 4 electronic multiplet of Pr 3+ is split by crystal field effects to nine singlet levels that are displaced over a large energy range of 100 meV [30] . The thermal population of the first excitation level at about 5 meV is manifested in the specific heat as a broad Schottky-type contribution, onset of which is readily seen as a hump in the Pr 0. the relevant data are plotted in Fig. 11 . It is seen that average values of ∆E increase with external field in a gradual rate, and only at higher fields a linear dependence is approached.
Since the cobalt moments are practically saturated in the Schottky peak range, the final slope seems to be a sole effect of the applied field and can be thus used to determine the [36] . Using the low-temperature heat capacity experiments as an efficient tool for analyzing of internal magnetic fields, we decide in favour of essentially homogeneous phase in the calcium based compounds down to nanoscopic or even atomic scale. First we note that the magnitude of cobalt moments is remarkably close to 0.3 µ B , which is exactly the theoretical value for a mixture of non-magnetic S = 0 ions LS Co
3+
and S = 1/2 ions LS Co 4+ . No metamagnetic increase of cobalt magnetization has been detected on application of fields up to 140 kOe. This strongly supports our conclusion that the ground state is the LS/LS phase with only minor promotion of t 2g electrons to itinerant e g levels. This promotion is necessarily associated with a rise of cobalt moments, but the increased magnetization might be compensated by presence of oppositely oriented impurity moments due to isolated S = 2 ions HS Co 3+ . Secondly, the form and intensity To describe the 4f states of lanthanide ions a Hamiltonian that consists of the free-ion (atomic) and crystal field terms is routinely used:
The free ion Hamiltonian is spherically symmetrical and in a standard notation (see, for example, Ref. [38] ) it can be written aŝ
where E avg is the energy in central field, terms proportional to F k , α, β, γ and T r describe the electron-electron interaction, terms with ζ 4f , M j , P k parameters represent the spin-orbit, spin-other-orbit and electrostatically correlated spin-orbit interactions. N is number of the 4f electrons.
Within a single electron, crystal field theory the crystal field Hamiltonian may be written
q (i) is a spherical tensor operator of rank k acting on ith electron and the summation involving i is over the f electrons of lanthanide ion. B In order to calculate the electron states of trivalent lanthanides in orthorhombic perovskites we used the program 'lanthanide' [40] , which makes possible to determine energy levels and eigenfunctions of Hamiltonian (A1) with external magnetic field added. Magnetic moments of all Kramers doublets are almost field independent: they increase by 1-5% when field changes between 10 and 100 kOe. There is considerable anisotropy of the moment, the x axis being the easy axis of the ground doublet for both Ce 3+ and Nd 3+ . The g factors of the Kramers doublets may be determined by multiplying the magnetic moments by factor two, corresponding to a pseudospin 1/2. The calculated energies and the g factors are summarized in Tables II and III . The experimental data are marked by the symbols; the full lines represent the least-squares fit of the peak form. The inset shows the frequency dependence of freezing temperature T f , corresponding to the susceptibility maximum. Table I and the calculated shifts in field of 10 kOe. The full line corresponds to the average over random orientations; the linear Curie behavior at higher temperatures gives an effective moment of µ ef f = 3.68µ B in agreement with the experimental value ∼ 3.5µ B .
